There has been renewed interest in the frequency dependent specific heat of supercooled liquids in recent years with computer simulation studies exploring the whole frequency range of relaxation. The simulation studies can thus supplement the existing experimental results to provide an insight into the energy landscape dynamics. We here investigate a kinetic model of cooperative dynamics within the landscape paradigm for the dynamic heat capacity C(,T) behavior. In this picture, the ␤-process is modeled as a thermally activated event in a two-level system and the ␣-process is described as a ␤-relaxation mediated cooperative transition in a double well. The model resembles a landscape picture, apparently first conceived by Stillinger ͓Science 267, 1935 ͑1995͔͒, where an ␣-process is assumed to involve a concerted series of ␤-processes. The model provides a description of the activated hopping in the energy landscape in close relation with the cooperative nature of the hopping event. For suitable choice of parameters, the model predicts a frequency dependent heat capacity that reflects the two-step relaxation behavior. The separation between the two peaks grows as the temperature drops, indicating the stringent constraint on the ␣-process due to the cooperativity requirement. The temperature dependence of the position of the low-frequency peak, due to the ␣-relaxation, shows a non-Arrhenius behavior as observed experimentally. The shape of the ␣-peak is, however, found to be temperature independent. The high-frequency peak appears with considerably larger amplitude than the ␣-peak. We attempt a plausible reason for this observation that is in contrast with the general feature revealed by the dielectric spectroscopy. The relative amplitudes of the ␤-and ␣-peaks in the present framework are found to depend on several characteristic features of the energy landscape, including the extent of cooperativity requirement for the ␣-relaxation and the asymmetry of the double well.
I. INTRODUCTION
Understanding the complex relaxation phenomena in supercooled liquids has motivated much scientific efforts over decades. [1] [2] [3] The measurement of frequency dependent specific heat, pioneered independently by Birge and Nagel 4 and by Christensen 5 in the year 1985, opened up another approach to this goal. Zwanzig subsequently showed on the basis of linearized hydrodynamics that c p (), the frequency dependent specific heat at constant pressure, could be directly related to the frequency dependent longitudinal viscosity l (). 6 The frequency dependent specific heat has, however, continued to get explored from both experimental [7] [8] [9] and theoretical [10] [11] [12] [13] [14] perspectives in anticipation that specific heat spectroscopy would provide an insight into the energy landscape dynamics.
In practice, one measures the frequency dependent specific heat in the linear response regime following an arbitrary small thermal perturbation that takes the system slightly away from the equilibrium.
4 c p () is a linear susceptibility describing the response of the system to this perturbation. One can, however, calculate the frequency dependent specific heat in terms of equilibrium fluctuation of energy following a relevant fluctuation-dissipation theorem derived explicitly by Nielsen and Dyre for a system whose dynamics is described by a master equation. 12 In this work, we do so for a kinetic model of glassy dynamics that invokes the concept ␤-organized-␣-process 15 within the landscape paradigm. The measurements of frequency dependent specific heat currently suffer from a limitation that frequency range up to 10 4 Hz can only be probed with the presently available experimental setup. Therefore, the experimentally obtained frequency spectra capture only the ␣-relaxation regime of supercooled liquids.
14 However, Sceidler et al. 14 have recently carried out a computer simulation study of a system that models amorphous silica, where they could scan the whole frequency range of interest, revealing the two-peak structure with a notably dominant high-frequency peak. The highfrequency peak shows only a weak temperature dependence and has been ascribed to the vibrational excitations of the system. In their work, 14 they have applied the Mori-Zwanzig projection operator formalism and made use of an exact transformation formula, due to Lebowitz et al. , 16 to derive a relation between the frequency dependent specific heat c v () and the autocorrelation function of the temperature fluctuations in the microcanonical ensemble. This relationship, which is identical to the one derived independently by Nielsen 13 in terms of a fluctuation-dissipation theorem, has a͒ Author to whom correspondence should be addressed. Electronic mail: bbagchi@sscu.iisc.ernet.in allowed the determination of c v () from computer simulations in equilibrium. A mode-coupling theory ͑MCT͒ based calculation has also shown the two-step relaxation behavior in the predicted frequency spectrum of the specific heat. 17 The dominance of the high-frequency peak is, however, not evident in this work. The measurements of frequency dependent specific heat in specific heat spectroscopy supplemented by computer simulation studies may prove to be useful in providing insight into the landscape dynamics of supercooled liquids. The landscape paradigm 18 -21 has been widely used to elucidate dynamics of liquids in the supercooled regime. This framework involves the division of the multidimensional configuration space into so called metabasins on the basis of a transition free-energy criterion. Two vastly different time scales thus get entailed, the smaller one due to motions within the metabasins and the longer one due to exchange between the metabasins involving much larger free-energy of activation. In particular, the ␤-processes are visualized to originate from activated dynamics within a metabasin, while escape from one metabasin to another is taken to describe an ␣-process. 20 See Fig. 1 for a schematic representation of the two processes. It is important to recognize that such a description of ␤-process within the landscape paradigm corresponds to what is known as the Johari-Goldstein relaxation or ''slow'' ␤-process that is believed to involve local rearrangements. 19, 20, 22 This ␤-process is so called to distinguish it from an even faster ␤-process that is predicted by the mode-coupling theory. [23] [24] [25] Note that the breakdown of the MCT is ascribed to the dominance of relaxation by the thermally activated hopping events, 26, 27 which are unaccounted for in the ideal version of MCT. Recent computer simulation studies 28 -31 have further revealed that hopping is a highly cooperative phenomenon promoted by many body fluctuations; hopping of a tagged particle is often preceded by somewhat larger than normal, but still small amplitude motion of several of its neighbors. 31 A rather different stringlike cooperative motion has also been found to occur in a model glassforming liquid. 32 In the present work, we employ a kinetic model of glassy dynamics that attempts to provide a description of the activated hopping within the landscape paradigm in close connection with the cooperative nature of the hopping event.
We follow a procedure, as outlined by Nielsen and Dyre, 12 to compute the frequency dependent heat capacity C(,T) for our model system. For suitable choice of parameters, the model predicts a frequency dependent heat capacity that captures many of the features of the two-step relaxation behavior in supercooled liquids. Some of the predictions of our model are in good qualitative agreement with the available experimental and computer simulation results.
The outline of the paper is as follows: In the next section we describe the model. Section III provides the theoretical treatment. We present the results along with discussion in Sec. IV. Section V concludes with a summary of the results and a few comments.
II. DESCRIPTION OF MODEL
We model a ␤-process as an activated event in a twolevel system ͑TLS͒. We label the ground level of a TLS as 0 and the excited level as 1. The waiting time before a transition can occur from the level i(ϭ0,1) is assumed to be random and is given by the Poissonian probability density function:
where i is the average time of stay at the level i. If p i (T) denotes the canonical equilibrium probability of the level i of a TLS being occupied at temperature T, the equilibrium constant K(T) for the population in two levels at temperature T is given by the following relation that obeys the detailed balance:
where ⑀ is the energy separation between the two levels in a TLS, and k B is the Boltzmann constant. Here the level 0 is taken to have a zero energy. Within the framework of the present model, a metabasin is characterized by an N ␤ number of such noninteracting two-level systems ͑TLSs͒. A given minimum number among the total number N ␤ of TLSs must simultaneously be in the excited levels for the occurrence of an ␣-process. We here concentrate on two adjacent metabasins, which we label as 1 and 2 and together call a double well. 
is defined, which takes on a value 0 if at the given instant of time t the level 0 of the TLS j is occupied and 1 if otherwise. j i (t) is thus an occupation variable. The collective variables Q i (t) (iϭ1,2) are then defined as
is therefore a stochastic variable in the discrete integer space ͓0,N ␤ (i) ͔. Q i (t) serves as an order parameter for dynamical change involving metabasin i. Here an ␣-process is assumed to occur only when all the ␤-processes (TLSs) in a metabasin are simultaneously excited, i.e., when Q i ϭN ␤ (i) . There is a finite rate of transition k from each of the metabasins when this condition is satisfied. Within the general framework of the model, the double well becomes asymmetric when N ␤
(1) N ␤ (2) , as shown in Fig. 2 . It is worthwhile to note the correspondence of the present description with real physical processes occurring in glassformers. The ␣-process may correspond to large-scale hopping of a particle. For this hopping to occur, however, many small reorientations/rearrangements/displacements are required simultaneously among its neighbors. The activated dynamics within a TLS may well represent small rotations. 10 In the case of polymer melts which exhibit glassy behavior, the ␤-relaxation may involve the motion of side chains. This picture apparently differs from the one drawn by Dyre, 33 who has argued that large-angle rotations are ''causes'' and small-angle rotations are ''effects.'' The present picture, however, contains Dyre's one in the sense that small-angle rotations indeed occur following a large-scale jump motion for the completion of relaxation as evident in Fig. 2 . The present model is built on a rather symmetrical picture that also necessitates small-angle rotations for a large-angle rotation to occur.
III. THEORETICAL TREATMENT
From a theoretical point of view, the treatment of frequency dependent heat capacity can be carried out by employing the linear response assumption. Following Nielsen and Dyre, 12 the frequency dependent heat capacity C(,T) of our system at temperature T can be given by
where sϭi, being the frequency of the small oscillating perturbation, iϭͱϪ1, and the angular brackets denote an equilibrium ensemble averaging. E(t,T) stands for the total energy of the system at time t and temperature T and is given by
Here the lowest level of the well 2 is taken to have zero energy and P i (n;t,T) denotes the probability that the stochastic variable Q i takes on a value n in the ith well at time t and temperature T. The evolution of these probabilities obeys the master equation
where the ''ϩ'' and ''Ϫ'' signs in the indices of the Kronecker delta are for iϭ1 and 2, respectively. One can have the following compact representation of the set of equations given by Eq. ͑6͒ for all possible n and i values
where P 1 (n;t,T) for nϭ0,1,...,N ␤ (1) and P 2 (n;t,T) for n ϭ0,1,...,N ␤ (2) together comprise the elements of the column vector P(t,T) and A is the transition matrix of order N ϭN
be the Green's function that gives the probability to be in the state i at a later time t given that the system is in the state j at time tЈϭ0, the temperature being kept constant at temperature T, the matrix of Green's functions also satisfies the rate equation
with the initial condition G T (0)ϭI, where I is the identity matrix of order N. In terms of Green's functions, one can then rewrite the energy autocorrelation function as
where P eq ( j,T) is the equilibrium probability of the state j at T. We write Ĝ T (i,s͉ j) as the Laplace transform of G T (i,t͉ j,0):
The frequency dependent heat capacity is then given by
The computational procedure involves the numerical evaluation of the Green's functions by an inversion of matrix:
and that of P eq (T) from the eigenvector corresponding to the zero eigenvalue of A(T). In the next section, we present the results with discussion and note the relevance of our results. The dynamical response of the system in the present framework is expected to be determined by a set of parameters that includes the number N ␤ of TLSs in a metabasin, the energy separation ⑀ between the two levels of a TLS, the energy of activation ⑀ ‡ for barrier crossing within a TLS, the energy asymmetry ⌬ between the two adjacent metabasins, and the critical number N c of TLSs required to be in the excited levels at a particular time for the ␣-relaxation to occur. The choice of these parameters has been kept simple in this work though at the expense of being ad hoc at least in some cases. For example, we have taken N c to be equal to N ␤ and the value of ⑀ has been taken of the order of k B T m , T m being the melting temperature. An approximate estimate of N ␤ has been taken from simulation results. 30, 31 The value of the activation energy is a rather difficult guess. We have used the guidance provided by an earlier work of ours.
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IV. RESULTS AND DISCUSSION
In Fig. 3 , we show the frequency dependence of the imaginary part of the heat capacity CЉ(*,T*) calculated for our model system at three different temperatures. The two-peak structure corresponding to the bimodal relaxation behavior as conceived in the model is evident at all temperatures investigated. The peak at high frequencies corresponds to the ␤-relaxation and is remarkably dominant. The lowfrequency peak is due to the ␣-relaxation that occurs on a longer time scale. Note that the separation between the position of the ␤-peak and that of the ␣-peak grows as temperature is lowered. This is indicative of the stringent constraint on the ␣-process that arises from the cooperativity requirement.
The features of the two-step relaxation also get reflected in the frequency spectra of the real part of the heat capacity CЈ(*,T*) as shown in Fig. 4 at three different temperatures. This is expected on the basis of the Kramers-Kronig relation that relates the real and imaginary parts. Whenever Ϫ1 is on the order of the time scale of a characteristic relaxation process, the system takes up energy inducing an increase in the real part of the heat capacity around that frequency. The dominance of ␤-relaxation is again evident from a much larger increase at the high frequencies. The low-frequency limit corresponds to the static heat capacity of the system.
Let us now discuss the temperature dependence of the positions of the peaks as they appear in the frequency spectra of CЉ(*,T*). The temperature dependence of the ␣-peak position p,␣ * (T*) in the reduced scale is shown in Fig. 5 in   FIG. 3 . Frequency dependence of the imaginary part of the dynamic heat capacity CЉ(*,T*) for our model system with N ␤ (1) ϭ3 and N ␤ (2) ϭ5, at three dimensionless reduced temperatures T*ϭ0.9 ͑solid line͒, T*ϭ0.8 ͑dashed line͒, and T*ϭ0.7 ͑dotted-dashed line͒. Temperature T is scaled by the melting temperature T m to have a reduced temperature T*ϭT/T m . Frequency is also scaled by the inverse of 1 (T m ) to get a dimensionless reduced frequency *ϭ 1 (T m ). As in the earlier work ͑Ref. 15͒ we set k ϭ2.0 in the reduced units, and ⑀ϭ2k B T m and ⑀ 1 ‡ ϭ18k B T m , the latter being the energy barrier to the transition from the level 1 in a TLS. The presence of a fixed energy barrier to transition from one level to the another within a TLS is expected to impart an Arrhenius temperature dependence of the ␤-relaxation within the present framework. The laboratory glass transition temperature T g occurs at a temperature around (2/3)T m ͑Ref. 1͒. All temperatures investigated here therefore fall between T m and (2/3)T m . The same set of parameter values has been used for all calculations in the present work unless it is specifically mentioned otherwise. Since the experiments till date could probe only the ␣-relaxation regime of the frequency spectrum, we have investigated the features of the ␣-relaxation peak as predicted by our model system in a bit more detail. In Fig. 6 , we concentrate on the ␣-relaxation regime of the frequency spectra of CЉ(*,T*) at different temperatures to get an enlarged view of the ␣-relaxation peak. It is evident that the area under the ␣-peak becomes smaller as temperature drops. This implies that the cooperative component of the configurational part of the heat capacity diminishes with decreasing temperature. See Ref. 14 for a detailed discussion. Although the height and the position of the ␣-peak have been found to change with temperature, its shape seems to show no such dependence. This can be evident if one constructs a master plot by scaling both the height of the peak and the frequency. This is demonstrated in the inset of Fig. 6 where we plot CЉ(*,T*)/CЉ( p,␣ * ,T*) vs log(*/ p,␣ * ) at different temperatures for the frequency range of interest. The curves at different temperatures appear to be superimposed on each other with negligible error. It is therefore reasonable to conclude that the shape of the ␣-peak here does remain independent of temperature. The computer simulation study reported in Ref.
14 makes a similar observation on the shape of the ␣-peak.
The results presented here until now have been for a single set of N ␤
(1) , N ␤ (2) , ⑀ and ⑀ 1 ‡ values. It is important to know how the predicted results are dependent on the choice of model parameters, in particular on N ␤
(1) and N ␤ (2) , before one judges the merits of the model. To this end, we have explored the parameter dependence of the predictions of our model. The two-step relaxation behavior has been found to be revealed in the predicted heat capacity spectra of the model for a few other choices of ͕N ␤ (1) ,N ␤ (2) ͖ as well, specifically, for ͕4,6͖, ͕5,7͖, and ͕6,8͖. For each of these parameter sets, a similar non-Arrhenius behavior of the temperature dependence of the ␣-peak position has been observed as shown in Fig. 7 . The Vogel temperature T 0,VFT obtained from the VFT fit shifts to higher values along the series as one would expect from an increasingly stringent cooperativity requirement. Although the magnitude of the shift is small, the trend is quite clear. The shape of the ␣-peak has also been found to remain independent of temperature along the series ͑data not shown͒. For ͕6,9͖, the amplitude of the ␣-peak gets diminished to a large extent by the time T* ϭ0.7 is reached, while the two-peak structure does not appear at all even at T*ϭ0.95 for ͕6,10͖. The two-step relaxation behavior also does not get evident from the predicted dynamic heat capacity spectra in the temperature range explored here for even ͕2,6͖. It follows therefore that a difference of 4 in N ␤ (2) and N ␤ (1) with the set of ⑀ and ⑀ 1 ‡ values used here is large enough to suppress any manifestation of the two-step relaxation behavior within the present framework. On considering varying asymmetry of the two adjacent metabasins, we further make an interesting observation as illustrated in Fig. 8 . Here, we have varied N ␤ (2) with N ␤ (1) , ⑀ and ⑀ 1 ‡ held fixed. For a symmetric double well, only one peak appears in the frequency spectrum of the imaginary part of the dynamic heat capacity. The ␣-peak disappears as an ␣-process is inconsequential from an energy consideration for the symmetric double well. The amplitude of the ␣-peak is the largest with the least asymmetry and gradually diminishes with growing asymmetry before it gets suppressed completely. The results suggest that the relative amplitudes of the ␣-peak may provide an insight into the energy asymmetry between the metabasins in the energy landscape of the system. It may be noted in this context that if the ␤-processes are not associated with any energy cost ͑i.e., ⑀ϭ0͒ even though being activated events ͑i.e., with a nonzero energy of activation ⑀ ‡ for barrier crossing͒, one would expect the strongly temperature dependent high-frequency peak to disappear.
In the inset of Fig. 6 , we have also shown a fit to the curve for T*ϭ0.7 with a three-parameter equation 35 that is a good frequency domain representation of the time domain Kohlrausch-Williams-Watts ͑KWW͒ stretched exponential form. From the fit parameters we obtain the stretching parameter ␤ KWW ϭ0.94. Such a ␤ KWW value implies very weakly nonexponential behavior. In fact, a fit with the Debye response function that corresponds to a single exponential behavior is found to be reasonable and for some of the other sets of ͕N ␤ (1) ,N ␤ (2) ͖, it is found to be as good as the one with the three-parameter equation with a stretching parameter very close to unity. This is reasonable as spatially heterogeneous domains, which is believed to be the primary reason for the stretched exponential relaxation in supercooled liquids, 36 -38 has not been considered in the present calculations. The heterogeneous dynamics in different domains can be included either through a distribution of ⑀ ͑the separation between the energy levels within a TLS͒ or through a distribution of barrier height for transition from one level to the other within a TLS. When the heterogeneity is included, the exponent ␤ KWW is expected to decrease considerably as indeed found in the treatment of structural relaxation within a similar model where we have considered a distribution of ⑀.
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The remarkably dominant ␤-peak as predicted by our model merits further consideration. In order to trace back its origin, we note that the constraint of cooperativity on the ␣-relaxation allows the system to take up energy only through the localized ␤-processes unless the condition is satisfied. The system takes up more energy through the excitation of individual ␤-processes ͑that collectively bring about the ␣-process͒ than the ␣-process itself which corresponds to a transition from one metabasin to another. This argument is substantiated in Fig. 9 , where we focus on the amplitude of the ␤-peak relative to that of the ␣-peak in the frequency spectra of the imaginary part of the dynamic heat capacity. Note that the ␣-peak is not distinctly observed for ͕1,3͖ as the separation between the two peaks is not enough. A decrease in the requirement of cooperativity for the ␣-process is found to result in a fall in the relative amplitude of the ␤-peak. One can, therefore, define a parameter Q hc ␣␤ as the ratio of the amplitude of the ␤-peak to that of the ␣-peak, which is in general temperature dependent. That is, Q hc
serve as a measure of the cooperativity needed for ␣-relaxation to take place.
V. CONCLUSION
Let us first summarize the present work. We have employed a kinetic model of glassy dynamics that considers cooperativity through the constraint of ␤-organized-␣-process within the landscape paradigm. The two-step relaxation behavior as conceived in the model gets revealed in the frequency dependent heat capacity of the model for a reasonable range of parameter values. The analysis of the predicted dynamic heat capacity spectra suggests the following emergent features of our model: ͑i͒ The ␣-peak frequency has a non-Arrhenius temperature dependence. ͑ii͒ The shape of the ␣-peak as it appears in the frequency spectrum of the imaginary part of the dynamic heat capacity is invariant in temperature. ͑iii͒ The amplitude of the ␤-peak is considerably larger than that of the ␣-peak.
While the first ͑the non-Arrhenius temperature dependence͒ of the above conforms to a number of experimental results, the second one has been observed in a recent computer simulation study.
14 The third one, however, does invite a few comments. Although a remarkably dominant highfrequency peak has been reported in Ref. 14, it is rather ascribed to the vibrational excitations of the system and is likely to be more relevant with the ''fast'' ␤-process typically appearing in the mode-coupling theory predictions. The activated dynamics with an Arrhenius-type temperature dependence characterizing the ␤-process considered in the present work is on the other hand a typical feature of the Johari- Goldstein relaxation or ''slow'' ␤-process. 19, 20, 22 A dominant ␤-peak with a strong temperature dependence suggests that such a ␤-peak should be observable in the specific heat spectroscopy even with its limited frequency range if it is explored at low enough temperatures. We, however, note that the experimentally obtained dynamic heat capacity spectra are yet to capture the two-step relaxation behavior even though dielectric spectroscopy has revealed distinct two peaks for a number of glassformers, and it is rather the ␤-peak that is the weaker one. An address to this issue in further detail is beyond the scope of the present work.
The present work suggests that the relative amplitudes of the two peaks may provide insight into the microscopic mechanism of the relaxation processes in deeply supercooled liquids. In view of this, further measurements of frequency dependent specific heat of various glass forming liquids will certainly be worthwhile. A recent simulation study by van Ee et al. 40 of computer model of amorphous Ni 81 B 9 has shown that the hopping mode is not only collective but appears to involve rather large number of neighbors. This study seems to support the picture that coherence among neighbors is a prerequisite for large scale hopping. Such a scenario is compatible with our present picture where ␤-process may be identified with small amplitude motion while hopping is the jump between the two minima shown in Fig. 2 . We further argue here that a predominant ␤-peak would be a characteristic feature of Stillinger's picture which assumes an ␣-process to involve a concerted series of ␤-processes.
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Several other comments on the present work are in order. First, the present model can be taken to belong to the class of kinetically constrained models 41 that attempts to provide a description of glassy dynamics by imposing dynamical constraints on the allowed transitions between different configurations of the system, while maintaining the detailed balance. In particular, our model resembles the models of hierarchically constrained dynamics of glassy relaxation, due originally to Palmer et al., 42 in the spirit that brings in cooperativity. Second, the high-frequency peak for real liquids is likely to draw contribution from ␤-relaxation as well as vibrational excitations. In some cases, specifically at low temperatures close to the glass transition, it is possible that these two can be sufficiently separated to give rise to an additional peak in the imaginary part of the frequency dependent specific heat. Third, it is imperative to compare the two-peak structure of the frequency spectrum of the imaginary part of the dynamic heat capacity with its dielectric analog. In contrary to the prediction our model makes on dynamic heat capacity behavior, it is rather the predominance of the ␣-peak that has been observed in a vast body of experimental data on dielectric relaxation. While the fluctuation in energy within the present framework of the model that has an energy landscape picture at the backdrop translates easily into the calculation of the frequency dependent heat capacity, the model as such does not allow us to calculate the frequency dependence of the dielectric constant. The latter needs further development of the model. However, the well-known bimodal frequency dependence of the dielectric relaxation in supercooled liquids can be at least qualitatively understood from the present description of ␤-and ␣-processes. We essentially follow the description of Lauritzen and Zwanzig 43 in assuming that a ␤-process can be taken to correspond to a two-site angular jump of individual molecules by a small angle around some axis. These individual, uncorrelated angular jumps lead to a partial relaxation of the total electric moment M(t) of the whole system ͓note that M(t) is the sum of the dipole moment of the individual molecules͔. The dielectric susceptibility spectrum can be obtained from the auto-time correlation function of M(t) by using the linear response theory. 44 Since M(t) is a sum of a relatively large number of individual dipole moments, the former is a Gaussian Markov process and thus the time correlation function of the ␤-relaxation mediated part must decay exponentially. As noted earlier, this ␤-relaxation mediated decay is incomplete because all the jumps are small and restricted. Thus, it is fair to assume the following form for the auto-time correlation function of M(t),
͑13͒
where ␤ and ␣ are the time scales of ␤-relaxation and ␣-relaxation, respectively. In the above equation ͗M ␤ 2 ͘ is the value by which the mean-square total dipole moment decays due to ␤-relaxation alone from the initial value of ͗M 0 2 ͘. The rest of the decay to zero occurs via the ␣-process. This suggests that with well separated ␤ and ␣ , one would observe bimodal dispersion. However, the calculation of ͗M ␤ 2 ͘ would require a more detailed model than the one attempted here. The present study suggests several future problems. First, it would be interesting to investigate the frequency dependence of the specific heat of several molecular liquids of varying fragility in computer simulations. In some cases, one should be able to discern a three-peak structure. Second, it would be also of interest to investigate if the frequency dependent specific heat can be used to study the so-called Boson peak which has drawn much attention in recent times. 45 Third, a comparison of the frequency dependence of specific heat with that of the dynamic structure factor of certain model systems would provide us insight to decide on whether the microscopic mechanisms of relaxation vary for different modes. Finally, a generalization of the present model or an altogether different model to describe the frequency dependence of dynamic heat capacity and that of dielectric response in the same framework would be a worthwhile undertaking.
